What this study adds
Atmospheric pollutants have a well documented effect on mortality and morbidity from cardiorespiratory diseases. This study shows that particulate matter (PM 10 and PM 2.5 ) and nitrogen dioxide (NO 2 ) might trigger exacerbations in patients with autoimmune diseases with specific epigenetic mechanisms in their pathogenesis, such as Hashimoto thyroiditis, rheumatic diseases, and multiple sclerosis. Exacerbations are mostly revealed through changes in treatment (increased dose and reduced refill time), especially in young patients. The findings underline the importance of using drug prescription data to study the effects of air pollutants in patients with diseases usually managed out of hospital.
Methods
We chose to investigate five autoimmune conditions: Hashimoto thyroiditis, systemic lupus erythematosus (SLE), rheumatoid arthritis (RA), psoriasis, and multiple sclerosis (MS), based on the following criteria: (1) a specific epigenetic mechanism has been identified in their pathogenesis, (2) the disease has a distinct diagnostic code in the International Codes of DiseasesNinth Revision (ICD-9), and (3) a sufficient number of cases had occurred in Rome (Lazio region, Italy) during the study period.
Study population and health data
A total of 23,898 subjects (all ages and both sexes) who were diagnosed with one of the autoimmune diseases indicated above in 2003-2014 were enrolled in five corresponding cohorts. Patients were identified from hospital discharge and emergency room (ER) registries by means of diagnoses made in any of the hospitals in the Lazio region. The copayment exemption registry was used also to recruit patients with multiple sclerosis. All subjects had to reside in Rome (2,874,529 inhabitants), between 2003 and 2014 and be alive as of 1 January 2006, when the data analysis started. In addition, subjects should not have received another autoimmune diagnosis in the 3 years preceding enrollment. If a new autoimmune diagnosis was given during the follow-up, the subject was enrolled in the corresponding cohort also. The ICD-9 codes to identify autoimmune diseases are reported in the e- Table 1 ; http://links. lww.com/EE/A18.
We searched the enrolled population for subsequent hospital admissions and ER visits and for any changes in drug prescriptions in 2006-2014. Prescription data for each patient were obtained from the regional pharmacy drug sales registry. More details about all the health data registries we used for the study are reported in the e-Appendix 1; http://links.lww.com/EE/A18.
To be considered as an exacerbation, subsequent hospitalizations and ER visits had to follow the initial diagnosis, occur no sooner than 28 days from the previous one, occur in the city of Rome, and have a principle diagnosis of the same autoimmune disease as first diagnosed, or one of its complications/sequelae or another of the studied autoimmune diseases. The ICD-9 codes of the complications/sequelae of each autoimmune disease are reported in e- Table 2 ; http://links.lww. com/EE/A18.
To be considered as an exacerbation, a prescription needed to be written for the same patient, to follow the initial diagnosis, to represent an increase in dose, or a shorter time interval between two refills, or a different administration route for a faster/higher internal dose (from cutaneous or nasal or inhalation, to oral, to subcutaneous injection) with respect to the previous one.
An increase in the prescribed dose was defined as the positive difference in each active substance between one prescription and the previous same substance, for the same patient. A reduction in prescription timing was defined as a shorter elapsed time interval between two consecutive refills, with respect to the preceding time interval (requiring a substance to be prescribed at least three separate times, for the same patient). Finally, dose increases as well as prescription time decreases needed to be higher than the median dose increases or lower than the mean interval between prescriptions observed for the substance under study, in all patients with the same disease, in the year preceding each prescription analyzed. Patients enrolled in 2006 were compared with median dose increases and mean interval between prescriptions estimates in all patients with the same disease from the same year (2006) because pharmaceutical data were available only from 2006. Changes in prescriptions were assessed only for medications suggested as treatment of specific autoimmune diseases in clinical guidelines or in the scientific literature and approved in Italy for the diseases studied.
These procedures provided a reliable mean interval of prescriptions of an active substance in all the patients with a specific disease, excluding the influence of occasionally taken drugs, and also independent from prescription habits, adherence to treatment, or other events that are likely in chronic patients, such as directly sold drugs.
Prescriptions were considered wherever they were supplied in the entire region. The World Health Organization-Anatomical Therapeutic Chemical (WHO-ATC) codes of specific medications for each autoimmune disease are reported in e- Table 3 ; http://links.lww.com/EE/A18.
Environmental exposure
Hourly PM 10 , NO 2 , and O 3 concentrations were available from three fixed monitoring stations of the Regional Environmental Protection Agency network, chosen to be representative of the background levels in the whole city, for the entire period 1 January 2006 to 31 December 2014. Starting with hourly data, we assessed daily mean levels of pollutants in the city. Daily completeness of 75% per season was used as the inclusion condition for the monitored data. Missing values from a monitor were imputed using the average measurements from the other monitors on the same day, weighted by the ratio of the yearly average at that monitor to the yearly average at the others. 10 Daily levels were expressed in micrograms per cubic meter (μg/m 3 ) for each pollutant, and the exposure metric was defined as a daily increase in levels as high as 10 μg/m 3 . Daily temperature and humidity readings were provided by the Italian Air Force Meteorological Service. Apparent temperature was calculated from air temperature and dew point temperature for relative humidity.
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Study design and statistical analysis
To evaluate whether daily short-term increases of PM 10 , PM 2.5 , and NO 2 levels were associated with exacerbations of autoimmune diseases in Rome, we used a time stratified case-crossover design, 12 which is suitable to assess the acute effects of short-term environmental exposures by comparing days when the event occurs (cases) with the same weekdays of the month and year of the event as controls. 13 Then, exposure on the case day and on case-free (control) days was contrasted to estimate the effect of interest. Results are comparable with those of the time series design, subject to a few conditions. 14 We used a conditional logistic regression model to estimate the association. We explored 6 days of exposure before the event, by using cumulative lag intervals of 0-1 days (consistent with an immediate effect) and of 0-5 days (consistent with a prolonged effect).
Time trend is adjusted by design in the stratified case-crossover. 14 We adjusted for other time-varying confounders including meteorological factors, influenza epidemics, and population dynamics during summer and vacation periods. In more detail, apparent temperature was adjusted for by including nonlinear terms for both warm and cold temperatures. However, though temperature is known to influence health very rapidly, warm temperatures have their maximum influence after a few days and cold temperatures, over longer periods. As a result, warm temperature was defined as days with lag 0-1 temperatures above the median and was modeled with a penalized spline, whereas cold temperatures were defined as days with lag 1-6 temperature below the median and was modeled with another penalized spline. 15 Both influenza and vacationing reduce the number of exposed people, changing population numbers even within a month. A dichotomous variable was used to adjust for influenza days (identified by the weekly national influenza surveillance) and for single-day holidays, 15 whereas a three-level variable was used for summer days assuming value "2" in the 2 weeks around mid-August, value "1" from mid-July to end of August and value "zero" elsewhere. 16 Results are given as the percentage increase in risk (%IR) of hospital recourse or treatment change (and 95% confidence intervals [CIs]) as derived from conditional odds ratios. Treatment changes are reported for specific active substances (such as levothyroxine, hydroxychloroquine) or specific groups (such as antipsoriatic drugs) or generic groups (such as corticosteroids, nonsteroidal anti-inflammatory drugs [NSAIDs], opioids, and biological drugs).
We carried out a few sensitivity analyses to explore whether alternative choices might influence the results. The first one analyzed hospitalizations for incident autoimmune diseases as exacerbations in 2006-2014, in addition to those in already identified patients. It aimed to verify whether incident cases were as liable to be associated with air pollution as were the exacerbations in patients already diagnosed. The second analysis used individual controls as a reference group for changes in prescription medication, in other words, mean changes in the same patient, in the 2 years previous. It aimed to determine if population controls moved our estimates of exacerbations toward the null hypothesis.
All analyses were performed using STATA software (V.13.0, 2013, Texas) and R software (V.3.1.3; R Core Team, 2015. R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. URL: http://www.R-project.org/). Table 1 illustrates the characteristics of the subjects in the five cohorts. Autoimmune thyroiditis, rheumatoid arthritis (RA), and psoriasis were the most common diagnoses in the autoimmune cohorts (Table 1) . Females outnumbered males for all diseases studied except psoriasis. The youngest patients were those affected by MS, thyroiditis, and SLE; the oldest were those affected by RA and psoriasis (Table 1) .
Results
Most exacerbations were revealed through changes in prescriptions rather than hospitalizations in all patient groups (Table 2 ), yet there were important differences between them. Autoimmune thyroiditis showed many more changes in prescriptions than hospitalizations with a ratio of 31:1; RA showed a ratio of 10:1, suggesting that exacerbations can be controlled by changing out-of-hospital treatment, as true for thyroiditis. The ratio between prescriptions and hospitalizations was lower for psoriasis and SLE (ratio = 5:1:1 and 3:1, respectively), suggesting that serious exacerbations of these diseases that need hospital admission might occur in some patients. Finally, there was almost the same number of prescriptions for MS as there were hospitalizations. It is worth noting here that the percentage of patients without any further contact with monitored health services after the following first diagnosis was elevated for RA (37%) and SLE (32%), lower for MS (20%), psoriasis (19%), and especially for thyroiditis (3%).
Daily mean levels of PM 10 , PM 2.5 , and NO 2 were 31.7, 18.7, and 56.0 μg/m 3 in the entire period (Table 3) , well below the standards required by the European Union and Italian law. 17 However, interquartile ranges (IQRs) revealed a daily variability greater than 10 μg/m 3 (the increase in levels that is assumed capable of producing health effects) and the maximum concentrations of both PM 10 and PM 2.5 reached values as high as 160 and 72.3 μg/m 3 , respectively. Table 3 reports also mean values and distributions of temperature, relative humidity, and their combination (apparent temperature) that we analyzed as potential confounders. Figure 1 shows the pollutant effects as both hospitalizations and drug prescription changes for each autoimmune disease. The complete results are shown in the e- Table 4 ; http://links. lww.com/EE/A18.
Exacerbations associated with all pollutants were revealed in thyroiditis patients ( Figure 1A ) as changes in levothyroxine Any change = any prescription for which changes of dose or refill timing or both have been observed, increasing dose = a positive difference between the dose in a prescription and the previous one for a same active substance, and the same patient, reducing refill time = a shorter elapsed time interval between a two consecutive refills, with respect to the preceding time interval, administration route = changing pharmaceutical form for a faster/higher internal dose in a prescription of an active substance with respect to the preceding one (from cutaneous or nasal or inhalation, to oral, to subcutaneous injection). The figure shows the results at the best lag only. It is lag 0-1 for most of the outcomes; lag 0-5 is the best lag only for (1) psoriasis, corticosteroids, administration route, (2) multiple sclerosis, corticosteroids, increasing dose. The complete results are shown in the e- Table 4 ; http://links.lww.com/EE/A18. Figure 1B ) by dose increase of corticosteroids (the highest IR was 3.55%; 95% CI = 0.70, 6.49) and changes involved essentially oral corticosteroids; but there was evidence of a larger risk of changing medicine form from oral to injection (8.57%; 95% CI = 0.06, 17.81). Also, shorter intervals between prescriptions of hydroxychloroquine indicated an exacerbation of SLE (IR = 9.73%; 95% CI = 4.38, 15.35). All these changes occurred for increases in PM 2.5 , at lag 0-1, except hydrossicloroquine whose changes lasted up to 6 days. Dose and prescription time changes were observed also for NO 2 increases at lag 0-1.
Exacerbations from all pollutants were revealed in RA patients ( Figure 1C ) by oral corticosteroid prescription changes, both in dose increases (the highest IR is 4.93%; 95% CI = 2.11, 7.83) and in shorter time intervals between prescriptions (the highest IR is 1.59%; 95% CI = 0.35, 2.84). Even changes in NSAIDs prescriptions indicated RA exacerbations, both in dose increases (IR = 3.39%; 95% CI = 1.14, 5.69) and in shorter time intervals (IR = 2.08%; 95% CI = 0.81, 3.36). All these above important changes occurred for rising PM 2.5 levels, at lag 0-1.
Psoriasis sufferers ( Figure 1D ) had somewhat different patterns. Exacerbations appeared as shorter time intervals between prescriptions for corticosteroids with increased risk for both PM 2.5 (2.14%; 95% CI = 0.37, 3.96) and NO 2 (1.75%; 95% CI = 0.6, 2.91) or for antipsoriatic drugs with NO 2 (1.82%; 95% CI = 0.67, 2.9). Treatment changes are appreciable also as a dose increase of immune-suppressant drugs (IR = 4.04%; 95% CI = 0.21, 8.01) with PM 2.5 . Exacerbations occurred again immediately (lag 0-1). It is worth noting the statistically significant change of corticosteroids toward less effective forms (−10.47%; 95% CI = −19.6, −0.27) which followed PM 10 increases, in a longer 0-5 lag.
MS patients ( Figure 1E ) experienced a great risk of changing corticosteroid form (IR = 11.08%; 95% CI = 0.33, 22.98) from oral to subcutaneous, for PM 2.5 , at lag 0-1. This change was likely to concern corticosteroids usually assumed per os (IR = −4.41%; 95% CI = −8.26, −0.41), over a longer time of 0-5 lag. No hospitalization increases occurred.
Including incident cases among exacerbations (e- Table 5 ; http://links.lww.com/EE/A18) did not show important differences from the main results, apart from reducing the uncertainty of estimates when there were many incident cases, such as in thyroiditis (76% additional cases). Using individual data as the reference to assess changes in drug prescriptions (e- Table  6 ; http://links.lww.com/EE/A18) showed lower estimates in thyroiditis, SLE, and MS, and higher in RA and psoriasis, but did not change the direction of the associations.
Discussion
We found that air pollution increased the frequency of treatment changes in patients with autoimmune diseases as an indication of exacerbation. PM 2.5 was the pollutant most likely to exacerbate the conditions studied, with immediate medication changes.
We selected five autoimmune diseases using the knowledge of the specific epigenetic mechanisms for each disease. In detail, an epigenetic modulation of histone methylation in the thyroglobulin promoter has been reported in autoimmune thyroid diseases. 18 DNA hypomethylation, histone hypoacetylation and hyperacetylation, and decreased and/or enhanced expression of miRNAs have been identified in SLE. 19 More than one disorder of epigenetic regulation is involved in RA, causing an upregulation of matrix metalloproteinase gene expression that plays a crucial role in cartilage destruction. 20 DNA methylation is involved in psoriasis, and differentially methylated regions have been identified in patients with and without skin lesions. 21 Multiple sclerosis is a different matter because epigenetic mechanisms have been identified initially as changes in DNA methylation and histones modifications 22 based on studies of epigenetic modifying drugs. 23 Recently, it has been reported that mitochondrial dysfunction could occur in MS due to air pollutants. 24 In contrast, we could not include diseases like type I diabetes, autoimmune hepatitis, and celiac disease because no univocal code was available in the ICD-9. We also excluded Parkinson's disease because the nature of the hypothesized gene/environment interaction remains unclear. 25 Finally, we excluded diseases like Sjogren syndrome and Felty syndrome due to their very low frequency in our data.
Relying on hospital data only to identify autoimmune patients could indicate an incomplete cohort, especially when a diagnosis is frequent in young outpatients, such as for thyroiditis, SLE, and psoriasis (e- Figure 1 ; http://links.lww.com/EE/A18). Conversely, the high percentage of patients who had no more contact with health services-following identification-suggests a possible misclassification for RA and SLE, but because we analyzed people with exacerbations, which confirm the disease, a selection of severe cases is more likely than misclassification. Both these selections of hospitalized and confirmed diseases would have restricted our cohorts restrict but not nullify the meaning of our results.
We assumed that exacerbations were more reliable to reveal the relationship between air pollutants and autoimmune diseases because confirming diseases by their exacerbations increases the validity of the diagnosis, 26 and exacerbations might be diagnosed quicker than an incident disease. Although the results of the sensitivity analysis including incident cases do not show essential change with respect to the main results, a misclassification of incident diagnoses cannot however be excluded. In addition, a recent study 27 showed that airborne particles were able to trigger MS relapses.
We assumed also that using pharmaceutical data offers more appropriate metrics than hospitalizations to study the relationship between air pollution and autoimmune diseases given that these occur mainly in young people and do not require frequent hospital care. A concern exists with thyroiditis because thyroxin supplement is in most cases a treatment for the chronic phase, not the acute inflammatory phase. On the other hand, the results we observed for levothyroxine are very clear for both dose and prescription time, were confirmed even in sensitivity analysis with individual controls, and are not explained by chance or bias. Therefore, exacerbations seem have a role in increasing thyroxin supplements.
The longer lag shown by hospitalizations (compared with the more immediate medication changes) suggests that only the most serious episodes, possibly not resolved by initial out-patient treatment, were hospitalized. On the other hand, when exacerbations included both medication changes and hospitalizations, interpreting changes in medication becomes difficult because hospitalization is a competing risk in our analysis. There may be competing risks even in assessing different groups of drugs.
Based on this assumption, we interpret the seemingly contradictory results observed in psoriasis and MS. We assumed that the statistically significant changes in corticosteroids toward less effective forms to treat psoriasis could be a consequence of contemporary treatment changes, rather than a direct effect of pollutants. In other words, in a multitherapy framework, a dose increase of immuno-suppressant drugs or the introduction of antipsoriatic drugs could have influenced changing corticosteroids from oral to dermatological. Similarly, the changes in corticosteroids from oral to subcutaneous administration in MS patients could be the first effect of pollutants, although reducing usual oral corticosteroids could be a consequence of the previous treatment change-a clinical protocol introduced in 2011, at the regional level, suggests treating MS relapses with systemic corticosteroids.
These hypotheses need to be tested further in analyses that consider the multidrug treatment of these diseases.
The highest risks of exacerbation are due to PM 2.5 , which is consistent with the role that this pollutant plays in interfering with epigenetic mechanisms. 7, 8 The role of both PM 2.5 and NO 2 is notable on autoimmune thyroiditis, RA exacerbations, and psoriasis, suggesting an involvement of traffic as the source of effective pollution. Though annual average pollutant concentrations decreased in Rome over the study period (e- Figure 1 ; http://links.lww.com/EE/A18), we observed that related mortality increased from 2001 to 2014, 28 suggesting constant toxicity of the pollution mixture over time.
Other papers have studied the relationship between air pollutants and autoimmune diseases but they considered one disease at a time. Bernatsky et al 29 found a relationship between PM 2.5 and specific aspects, such as anti-DNA antibodies and cellular casts in SLE patients; Hart et al 30 assessed long-term air pollutants in RA, but did not find increased risk; and Angelici et al 31 found an association between PM 10 and hospitalizations for incident or relapses of MS. To our knowledge, this is the first paper that addresses the issue of autoimmune diseases with a systematic approach, studying them by themselves, justified by the epigenetic mechanisms of their pathogenesis. It is also the first paper to study medication changes as possible exacerbations of air pollutants.
Conclusions
Our results show that short-term exposure to air pollutions might induce exacerbations in patients affected by autoimmune diseases.
Exacerbations are mostly revealed through changes in treatment, especially in young patients and in diseases usually managed out of hospital. Although our results need to be further studied to validate the indicators of exacerbation based on the treatment changes, we underline the importance of using prescription data to study the health effects of air pollution.
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